It has previously been demonstrated that impaired angiogenesis is associated with metabolic abnormalities in bone in addition to osteoporosis (including postmenopausal osteoporosis). Enhancing vessel formation in bone is therefore a potential clinical therapy for osteoporosis. The present study conducted an in-depth investigation using desferrioxamine (DFO) in an ovariectomy (OVX)-induced osteoporotic mouse model in order to determine the time frame of alteration of bone characteristics and the therapeutic effect of DFO. It was demonstrated that OVX induced instant bone mass loss 1 week following surgery, as expected. In contrast, DFO treatment protected the mice against OVX-induced osteoporosis during the first week, however failed to achieve long-term protection at a later stage. A parallel alteration for cluster of differentiation 31/endomucin double positive vessels (type H vessels) was observed, which have previously been reported to be associated with osteogenesis. DFO administration not only partially prevented bone loss and maintained trabecular bone microarchitecture, however additionally enhanced the type H vessels during the first week post-OVX. The molecular mechanism of how DFO influences type H vessels to regulate bone metabolism needs to be further investigated. However, the findings of the present study provide preliminary evidence to support combined vascular and osseous therapies for osteoporotic patients. Pharmacotherapy may offer a novel target for improving osteoporosis by promoting type H vessel formation, which indicates potential clinical significance in the field of bone metabolism.
Introduction
Osteoporosis, which usually leads to bone fractures due to fragility, is a major public health problem, especially in the elderly population. Osteoporosis is generally characterized by low bone mass and microarchitectural deterioration of bone tissue (1) as a result of metabolic bone disorders. Studies focusing on the etiology, prevention, and treatment of osteoporosis have been widely conducted, and significant progress has been made during the last two decades (2) (3) (4) (5) (6) (7) (8) . A number of key effectors such as NF-κB, RANKL, Wnt5a/Ror2, and PPARβ/δ have been identified to be pivotal in the regulation of bone metabolism (9) (10) (11) (12) .
On the other hand, bone is a highly vascularized tissue, and blood vessels participate in bone development, remodeling, and homeostasis (13) . Bone vasculature not only supplies bone tissue with oxygen, nutrients, and growth factors but also removes waste products and delivers osteoprogenitors to fracture sites (14, 15) . Activation of the hypoxia-inducible factor (HIF) pathway can accelerate bone regeneration and improve bone healing in vitro and in vivo (16) . This suggests intercellular signaling between osteoprogenitors and endothelial precursor cells, which has been also termed as a coupling of osteogenesis and angiogenesis (17, 18) . Recently, a distinct capillary subtype termed the type H vessel was found in murine bone metaphysis and periosteum, which couples osteogenesis and angiogenesis. Type H vessels, strongly positive for endothelial cell surface markers, CD31 and Endomucin (CD31 hi Emcn hi ), can mediate local bone vascular growth and also maintain perivascular osteoprogenitors (19) .
Desferrioxamine (DFO) can promote the differentiation of mesenchymal stem cells (MSCs) by activating a β-catenin signaling pathway (20) . DFO also enhances normal fracture healing when injected locally into a fracture callus by increasing endothelial tubule formation (21) . Recent reports also indicated that DFO administration can prevent age-dependent loss of type H vessels thus to improve the bone quality in aged mice (19) . Given all these facts, we propose that DFO treatment theoretically have potential to activate angiogenesis thus to help maintain bone mass, which would be especially beneficial to prevent or treat osteoporosis. To verify the hypothesis, ovariectomized (OVX) mice were used as animal model here in this study to investigate the effect of DFO on OVX-induced osteoporosis.
Materials and methods
Mice. The C57BL/6 mice used in this study were provided by National Resource Center of Model Mice of Nanjing University and housed in the specific pathogen free barrier system in the animal facility of Soochow University. All animal-related study was performed in compliance with the relevant laws and internal guidelines of the Ethics Committee of the Second Affiliated Hospital of Soochow University (approval no. sdfey160215). All surgery was performed under avertin anesthesia and all efforts were made to minimize suffering.
Osteoporotic mouse model. Eight-week-old female mice were randomly divided into 3 groups. All mice were anesthetized and subjected to bilateral OVX or a sham operation. After a 1-week recovery period, the sham group mice were administrated intraperitoneal saline (sham group) while the OVX mice were administered saline (OVX group) or DFO (OVX + DFO group) (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). For DFO treatment, freshly prepared DFO in 0.9% saline [15 mg/ml per mouse as previous reported (19) ] was administrated every other day for 4 weeks. Mouse tissues were collected at week 1, 2, 3 and 4 for investigation of vascular and osseous changes by immunostaining, hematoxylin and eosin staining, and microcomputed tomography (micro-CT) scanning.
Micro-CT analysis. Mouse femora and lumbar vertebrae were dissected at several points in time, and any attached soft tissue was completely removed. Collected bone specimens were then fixed in 4% paraformaldehyde (PFA) and analyzed by micro-CT (SkyScan 1176; Kontich, Belgium). The scanners were set at a voltage of 50 kV, a current of 500 µA, and a resolution of 9 µm. Image software (NRecon v1.6) and data analysis software (CTAn v1.13.11.0) were used for three-dimensional (3D) reconstruction of the trabecular bone. After scanning, regions of interest (ROI) were defined by analysis software and limited to the trabecular regions. 3D trabecular bone images were reconstructed based on the ROI. Mouse femoral ROI were drawn starting from 540 µm proximally to the distal growth plate over 1.35 mm toward the diaphysis. Lumbar vertebra ROI was drawn in the middle trabecular area with 2 mm of thickness. Trabecular bone parameters were calculated, including BMD (g/cm 3 ), BV/TV (%), Tb.Th (mm), Tb.N (per mm) and Tb.Sp (mm).
Bone tissue processing and immunostaining. For staining of bone sections, freshly collected specimens were fixed in 4% PFA overnight at 4˚C. Ethylenediaminetetraacetic acid solution was then applied for decalcification for at least 4 weeks. Tissues were then dehydrated using 20% sucrose and 2% polyvinylpyrrolidone solution for 2 weeks at 4˚C and embedded in O.C.T. compound (Tissue-Tek). Cryosections (10 µm) were prepared using a freezing microtome (Leica, Wetzlar, Germany) for immunostaining.
For immunostaining, bone sections were washed 3 times with 0.3% phosphate-buffered saline with Triton X-100 (PBST) and blocked with 5% bovine serum albumin in PBST. Sections were incubated with primary antibodies at 4˚C overnight. After washing 3 times with 0.3% PBST, sections were then incubated with fluorescein conjugated secondary antibodies together with nuclear counterstaining dye (DAPI) at room temperature. After another 3 thorough washes, slides were sealed with 50% glycerol and nail polish.
Antibodies. Primary antibodies used include rabbit-anti-mouse osterix (sc-22536-R) and rat-anti-mouse endomucin (sc-65495) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA), and Alexa Fluor 488-conjugated anti-mouse CD31 (FAB3628 G; R&D Systems, Inc., Minneapolis, MN, USA). Cy3-or Alexa 647-conjugated secondary antibodies (Molecular Probes, Eugene, OR, USA) were used for visualization.
Statistical analysis. All data are expressed as mean ± SD. Statistical analyses were carried out using one-way analysis of variance with Student-Newman-Keuls post hoc test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference (P<0.01; P<0.0001). All statistical analyses were performed using SAS 8.2 software (SAS Institute Inc., Cary, NC, USA).
Results
Partial recovery of ovariectomy-induced osteoporosis in mouse femora by DFO administration. OVX female mice are frequently used as animal models for osteoporosis studies. In this study, we also used OVX female mice to investigate the detailed etiology and the therapeutic effect of DFO on osteoporosis. All mice were anesthetized and subjected to bilateral OVX or a sham operation (sham). After recovery, the Sham group mice were administrated with saline intraperitoneally (sham group), while the OVX mice were administered with saline (OVX group) or deferoxamine mesylate (OVX + DFO group; 15 mg/ml per mouse) every other day for 4 weeks. Mice were sacrificed at week 1, 2, 3 and 4 for µCT and histological evaluation. Based on µCT and quantification results, OVX induced remarkable reduction of bone mineral density (BMD) in mice femora, beginning at the first week. As shown in the reconstructed µCT images, the microarchitecture of the femora in OVX mice at week 1 was already significantly impaired ( Fig. 1A and B) . On the other hand, mice treated with deferoxamine (OVX + DFO group) showed slower reduction of BMD. The OVX + DFO group mice maintained comparable femoral BMD with the sham group at week 1, which began to decrease at week 2 and reached a similar BMD to the OVX group at week 3 (Fig. 1C) . Quantification of BMD and other parameters also showed consistent results ( Fig. 1D-H ; Table I ). In addition, the histomorphological changes of the distal femora were evaluated by hematoxylin and eosin staining. OVX mice showed less trabecular density at the distal ends of the femora compared to the sham group, and DFO treatment attenuated this effect at week 1, which showed similar results comparable with µCT scanning (Fig. 2) . The change of bone density in the OVX + DFO group indicated a temporary protective effect of DFO against OVX-induced osteoporosis.
Differential effect of DFO in the vertebrae of OVX mice.
As indicated by a slight decline in BMD, OVX also induced osteoporosis in mouse lumbar vertebrae similar to that in the femur (Fig. 3A and B) . The BMD and trabecular microarchitecture of lumbar vertebrae remarkably deteriorated in OVX mice compared to the sham group, which also began from week 1 but significantly changed at week 3. However, DFO failed to protect the bone mass loss induced by OVX (Fig. 3C) . The lumbar vertebrae BMD and microarchitecture of the OVX + DFO group mice also began to decrease at week 1, with a similar trend to the OVX group mice ( Fig. 3D-H ; Table II ). The BMD and microarchitecture results of the OVX + DFO group are similar to that of the OVX group, suggesting that DFO at this dose had no effect at weeks 3-4.
Vascular change correlated with osseous changes in the osteoporotic model. As reported, blood vasculature is essential during bone mass maintenance and fracture repair (13) (14) (15) . A recent study characterized a distinct subtype of blood vessel, the type H vessel, which plays a pivotal role in combining angiogenesis and osteogenesis (19) . Herein, we tried to investigate the vascular changes during our experiment at week 1 and 3. By immunostaining, we observed that the vascular changes in the tibia also showed a similar trend to the bone mass changes (Fig. 4A-L) . CD31 + Emcn + type H blood vessels in OVX mice decreased dramatically at week 1 ( Fig. 4B and H) , while the OVX + DFO group still maintained a small portion of type H vessels ( Fig. 4C and I) . However, type H vessels were rarely observed in either the OVX or OVX + DFO groups at week 3 after OVX (Fig. 4E, F , K and L), suggesting that DFO failed to increase the number of type H vessels at the dose administered. Correlation between vascular and osseous changes implies that blood vessels may be a potential target for osteoporosis therapy.
Discussion
In this present study, DFO showed a temporary protective effect on OVX-induced osteoporosis, especially in femur. We noticed that the femur showed a greater and sooner response compared to the spine, which is consistent with previous study (22) . By immunostaining, we also discovered that type H vessels and bone mass reduced post-OVX in a time-dependent manner. DFO treatment helped maintain trabecular bone density, restore microarchitecture, and increase the number of type H vessels in OVX mice at only week 1 and these effects were reversed at weeks 2-4. In addition, our results also revealed that DFO administration had no significant effect on the improvement of spine BMD in OVX mice. One possible cause for this effect is that the concentration of DFO administrated is not able to completely withstand the bone loss caused by continual estrogen loss. It will be our future direction to make in-depth investigation in order to study the dynamics of osteogenesis and angiogenesis using DFO gradients and to determine the underlying mechanism.
DFO has been shown to increase angiogenesis via the HIF pathway in bone (23) . DFO therapy can optimize bone regeneration in mandibular distraction osteogenesis by increasing the number of osteocytes and vessels (24, 25) . DFO released from poly lactic-co-glycolic acid promotes healing of osteoporotic bone defects by enhancing the differentiation of MSCs and endothelial tubule formation (26) . These results show that DFO can accelerate fracture healing and bone regeneration by inducing new blood vessel formation. In our study, DFO increased bone mass and enhanced type H vessels at week 1 in the femur, which may be attributed to HIF pathways. However, at week 3, DFO failed to increase the number of type H vessels and restore BMD. One cause may be that OVX-induced estrogen loss overwhelms the osteogenic and angiogenic effect of DFO.
Accumulating evidence suggests that local blood supply or decreased angiogenesis play pivotal roles in osteoporosis (27) (28) (29) . Osteoporotic fracture is one of the most frequent complications of bone loss, easily leading to disability and death in the elderly. Healing of fragility fractures would be prolonged with the decreased levels of angiogenesis and MSCs caused by OVX (30) . Low-magnitude high-frequency vibration treatment could enhance fracture healing by increasing blood flow and angiogenesis in the OVX mouse model (31) . This has great clinical significance in the improvement of osteoporosis and prevention of fragility fractures by promoting blood vessel formation in bone. Type H vessels combine angiogenesis and osteogenesis in murine bone, which decreases along with ageing (19, 32, 33) . DFO could increase type H vessel formation and improve BMD in aged mice (19) . When looked separately, CD31 + ECs showed more significant change than EMCN + ECs, resulting in dramatic change of type H vessels. The vessel changes we observed in OVX mice models are quite similar. EMCN + ECs appeared to be comparable at week-3 after OVX while CD31 + ECs decreased dramatically. As a result, type H vessel was significantly reduced in OVX mice and DFO treatment attenuated the effect temporarily. This would be due to type H vessels (CD31 expression) are more sensitive to physiological and/or pathological stress and would be considered as an early marker for bone status. Studies need to be pursued to investigate the relationship between type H vessels and bone formation/maintenance, especially in pathological situations.
As an angiogenic agent, DFO has potential to active certain vascular pathways. How these two molecular effects coordinate to achieve a protective effect against osteoporotic process is still unknown. Our study offers preliminary information for the clinical therapeutic treatment of osteoporosis. Coupling different pathways, e.g., vascular and osseous, may achieve a better therapeutic effect. Scientists and clinicians need to further test specific therapeutic options, e.g., DFO, to fully understand their functions.
